ABSTRACT
INTRODUCTION
The tests of fundamental principles of nature with increasing precision is a central goal of modern physics. One of these principles is the equivalence of inertial and gravitational mass. It states that all objects at the same position and free from other forces undergo the same acceleration through a gravitational field independent from their mass. It is one postulate of Einstein's general relativity and therefore of huge interest because some theoretical models permit violations [1, 2] .
A simple classical test of this is to take two test objects with different masses, let them fall simultaneously and measure their accelerations. A more precise test taking into account the quantum nature of objects is the comparison of the free fall of two Bose-Einstein condensates (BEC), measuring their differential acceleration with atom interferometry [3] . Due to their slow expansion rates and mode properties Bose-Einstein condensates are a promising input state for this purpose [4, 5, 6, 7] , because in order to increase the precision of such an interferometer the space-time-area enclosed in it has to be increased [8, 9] . This can be achieved by performing the experiments in a weightless environment and then use longer free fall times of the cloud that scale squared with the sensitivity of the interferometric measurement [10] . The ideal platform for this are single satellites. They can provide microgravity times up to years and have a low noise environment compared to many laboratories on ground. But satellite missions have high financial as well as technological effort. All necessary methods need to be tested and qualified beforehand to minimize risks.
In the German QUANTUS-collaboration (QUANTengase Unter Schwerelosigkeit) the feasibility to operate an atom interferometer in microgravity was demonstrated. For this the drop tower facilities in Bremen (Germany) were used to provide the microgravity environment by a free fall of the apparatus in a 120 m high evacuated tower. The creation of Bose-Einstein condensates [11] and their observation over one second as well as the realization of BEC-based atom interferometry in microgravity was shown for the first time [12] .
As a next steps towards the transfer of such a system in space sounding rockets were planned as a platform for technology development and as a testbed of the methods needed for high precision atom interferometry in space [13] . The successful launch of the MAIUS-1 mission in January 2017 with the first BEC in space marks a major advancement towards a precise measurement of the equivalence principle with a space-born atom interferometer.
DESCRIPTION OF THE APPARATUS
For the MAIUS-1 mission the sounding rocket type was a VSB-30. It is a Brazilian rocket type with two boost stages that can carry scientific payloads of up to 450 kg [14] including the service module for communication to ground and a motor adapter. It performs a parabola flight and the reachable apogee depends on the total mass what limits the microgravity time, so the flight phase above 100km height. Then it lands again using parachutes to avoid huge damages. Afterward the apparatus can be recovered.
The extreme conditions concerning accelerations and vibrations during launch and reentry result in high constraints in stability that were not given by common lab-based setups, so that additional developments and qualification on ground were necessary. This came together with the miniaturisation due to limited space on the vehicle [15] .
The scientific payload MAIUS-A is able to create BECs of 10 5 87 Rb atoms with a high repetition rate and to perform atom interferometry with them [13, 16] . It consists of five modules. At the top of the scientific payload is the Physics Package with the vacuum chamber and the integrated three-layer atom chip. With the atom chip it is possible to create the necessary magnetic field for manipulation of the cloud with smaller volume and lower power consumption compared to coil setups. To get the high repetition rates a 2D + -MOT configuration is used in a second chamber to load the 3D-MOT. For detection there are two perpendicular camera axis, one using absorption detection and the other one using the fluorescence signal of the cloud. The ultra-high vacuum in the 10 -11 mbar regime is provided by one ion getter pump and two titanium-sublimation pumps [15, 17] . Around the vacuum chamber a three-layer magnetic shielding is attached to lower external fields by a factor of at least 1000 [18] . Already during launch experiments with magneto-optical traps were performed. They were created, released and recaptured again for different time intervals to investigate the behaviour under these highly dynamic conditions.
Reaching the microgravity phase the rocket was stabilized concerning rotation and orientation. After an automatic new stabilization of the laser frequencies and a check of light power, vacuum pressure, temperatures and currents, the first Bose-Einstein condensate in space was created. Then further investigations in the phase transition were performed, followed by a characterization of the release out of the magnetic trap. The state preparation using an adiabatic rapid passage was autonomously optimized and a time of flight series was monitored to observe the free evolution of the condensate. Furthermore the ensemble was coherently split in two parts using Bragg diffraction beam splitters. Due to a modulation on the beams a spatial modulation on the density distribution of the atomic ensemble was observed. 60 km away from the launch position the payload landed after 17 minutes of total flight time. Due to weather conditions the apparatus was recovered three days later. The temperatures in this time interval have been down to -36°C. After accurate investigations and some minor repairs the creation of BECs worked again. It was transported back to Hannover for further investigations necessary to analyse the flight results.
OUTLOOK
The knowledge gained with this mission helps now to develop new methods for future space missions with cold atoms. So are the lessons learned extremely important for the next two MAIUS missions which are planned to study dual-species atom interferometry in space. In addition to 87 Rb the new apparatus will contain 41 K and perform experiments on mixtures in weightlessness environments, sequential and simultaneous dual-species interferometry and evolution of BECs on macroscopic time scales.
And the results of MAIUS-1 play a huge role for the BECCAL project with the goal to put a BEC-based multiuser facility on the International Space Station (ISS). These ambitious mission is a collaboration between the German Space agency (DLR) and the NASA (National Aeronautics and Space Administration).
